[Purpose] The purpose of this study was to examine the effects of lumbopelvic neutralization on the angle of knee extension, lumbopelvic motion, and the electromyographic (EMG) activities of the quadriceps, hamstrings, and rectus abdominis muscles of subjects with hamstring shortness during seated knee extension.
INTRODUCTION
Knee extension exercises in the sitting position are commonly prescribed to strengthen the quadriceps, stretch shortened hamstrings, and train the control of compensatory lumbar flexion-rotation in patients with back and knee pain [1] [2] [3] [4] [5] . Additionally, knee extension in the sitting position is often used to classify low back pain in the movement control test 6, 7) . Patients with hamstring shortness can exhibit compensatory lumbopelvic motions when performing knee extension exercises due to their shortened or stiff hamstrings, and this can be prevented if the exercise is performed correctly 2, 8) . Studies have emphasized the use of lumbar stabilization with an abdominal drawing-in maneuver using a pressure biofeedback unit to maintain lumbopelvic stability during hip abduction and extension performed by healthy subjects in the side-lying and prone positions 9, 10) . Keeping the lumbopelvic region in the neutral zone when performing lower extremity strengthening or stretching exercises and the activities of daily living has been reported to reduce the risks of cumulative tissue stress in the lumbar region, ligament injury, and posterior disc herniation 7, [11] [12] [13] . Keeping the neutral zone of lumbopelvic motion means that low back lordosis is similar to that of upright standing without any motions of lumbar vertebrae such as flexion, extension, rotation, or side bending 13, 14) . If an individual has a lumbopelvic joint that is relatively more flexible than the hip joint, he or she will not be able to maintain the neutral zone of lumbopelvic region and lumbopelvic compensatory motion, such as lumbar flexion and/or posterior pelvic tilt, will occur during seated knee extension 2) . Currently, verbal instruction and tactile sensation using the hands are commonly used to monitor the lumbopelvic compensatory motions during knee extension exercises in the sitting position 2, 15, 16) . A pressure biofeedback unit placed between the back and chair can be u s e d t o m a i n t a i n l u m b o p e l v i c s t a b i l i t y w i t h o u t compensatory lumbopelvic motion during seated knee extension exercise 17) . While methods to prevent lumbopelvic compensatory m o t i o n d u r i n g s e a t e d k n e e e x t e n s i o n h a v e b e e n reported 2, 17) , no study has investigated the effects of lumbopelvic neutralization on the electromyographic (EMG) activity of the hamstrings, quadriceps, and rectus abdominis, and the amounts of knee extension and lumbopelvic motion of subjects with short hamstrings during seated knee extension. Thus, this study compared the muscle activities of the quadriceps, hamstrings, and rectus abdominis muscles, and the angles of lumbar flexion, lumbar rotation, posterior pelvic tilt, and knee extension between seated knee extension exercise with and without lumbopelvic neutralization. We examined the effects of lumbopelvic neutralization during seated knee extension exercises in individuals with hamstring shortness, and the results should provide useful information for clinicians design ing and implementing knee extension exercises for such individuals.
We hypothesized that performing seated knee exten sion while maintaining lumbopelvic neutralization using a pressure biofeedback unit would reduce quadriceps, hamstring and rectus abdominis muscle activities, and the amounts of knee extension and lumbopelvic motion compared with seated knee extension performed without lumbopelvic neutralization.
SUBJECTS AND METHODS

Subjects
Twenty young subjects (14 men, 6 women) with hamstring shortness were recruit ed for this study ( Table 1) . The presence of hamstring shortness was confirmed using the hamstring length test in the sitting position 18) . Although the popliteal angle is often used to measure hamstring stiffness as a passive technique 4) , Rolls and George 18) suggested that the active seated knee extension test is useful for differentiating injured subjects with hamstring injury from uninjured subjects. Therefore, we measured hamstring shortness with the active seated knee extension test. Hamstring length was measured in the seated knee extension test with the subject sitting on the edge of the therapeutic table with the hip flexed at 90° and the hands placed on the lower back to prevent lumbar flexion. A goniometer was placed lateral to the knee joint and centered on the knee joint line. The stationary arm was aligned with the greater trochanter of the femur, and the moving arm with the lateral malleoli of the fibula. Keeping the foot and ankle in a relaxed position, the subject was asked to slowly extend his/her knee. The tester palpated the lower back of the subject and asked him/her to stop knee extension if the lower back was not straight. At this point the angle of knee extension was measured using the goniometer 18) . The mean angle of knee extension as measured with the goniometer was 140.7° (Table 1) . Individuals with knee and back pain were excluded from this study.
Methods
A 3-dimensional motion analysis system, (VICON MX system, Oxford Metrics, Oxford, UK) was used to measure the angles of knee extension, lumbar flexion, lumbar rotation, and posterior pelvic tilt during knee extension in the sitting position. Kinematic data sampled at 50 Hz were processed by Nexus 1.3 software. Reflective markers (14-mm spheres) were placed on specific anatomical landmarks according to the guidelines of the model marker set. Five markers were placed on the lower back on the spinous processes of T12 and L1, on both the left and right sides of the spinous process of L1 and on the midpoint of the right and left posterior superior iliac spine (PSIS). Markers were placed bilaterally on the lower extremity of the anterior superior iliac spine (ASIS), lateral thigh, lateral epicondyle of the femur, lateral side of the fibula, lateral malleolus of the ankle, back of the heel, and second metatarsal bone. Lumbar flexion and rotation were calculated by constructing two segments representing the trunk and pelvis in Nexus 1.3 software. The trunk segment consisted of T12 and L1, and both the left and right sides of the spinous process of L1, while the pelvic segment consisted of the midpoint of the right and left PSIS, and both ASIS. Lumbar flexion and rotation were calculated as the angles between the trunk and pelvic segments. Posterior pelvic tilt was defined as the angle between the medio-lateral axis of the midpoint of the right and left PSIS and the sagittal plane of the pelvic segment. Kinematic data were obtained while the subject maintained isometric seated knee extension position isometrically for 5 seconds. For all kinematic variables, the mean of three measured angles obtained from 3 trials of seated knee extension with and without lumbopelvic neutralization was used for data analysis.
EMG data were collected using a wireless telemetry system (TeleMyo 2400T, Noraxon, Scottsdale, AZ, USA) and analyzed using software (MyoResearch Master Edition 1.06 XP, Noraxon). The skin at the electrode sites was prepared by shaving and then cleaning with alcohol. Surface electrode pairs were positioned at an interelectrode distance of 2 cm, and the reference electrode was placed on the patella. EMG data were collected for the following muscles: vastus medialis oblique (2 cm medially from the superior rim of the patella), vastus lateralis (lateral surface of the lower third of the thigh, at approximately a 20º angle from vertical), rectus femoris (medial anterior surface of the thigh, approximately halfway between the hip and the knee), medial hamstring (3 cm in from the lateral border of the thigh and approximately halfway from the gluteal fold to the back of the knee), lateral hamstring (2 cm apart parallel to the muscle fibers on the lateral aspect of the thigh at two-thirds the distance between the trochanter and the back of the knee), and rectus abdominis (approximately 2 cm lateral and across from the umbilicus over the muscle belly) 19) . A wood board (45 cm × 38 cm) with hole (18 cm × 12 cm) was placed on the chair for attaching electrodes to the hamstrings.
The sampling rate was 1000 Hz. The raw signal was fullwave rectified and filtered between 20 Hz and 500 Hz using a bandpass digital filter (Lancosh FIR). The root-meansquare values of the raw data were calculated, with the mean RMS value of three trials relative to the reference voluntary contraction (RVC) calculated for each muscle. According to a previous study, the RVC method requires less time and effort for subject to perform the task for RVC and can effectively eliminate the effects of factors such as electrode placement or skin conduction, compared to the traditional maximal voluntary isometric contraction (MVIC) method which requires that subjects perform muscle contraction maximally for each muscle and trial 20) . The RVC was calculated for the quadriceps with the subject performing full knee extension with a 3-kg sandbag placed on the ankles in the sitting position, for the hamstring with the subject performing 30º of knee flexion with a 3-kg sandbag placed on the ankles in the prone position, and for the rectus abdominis with the subject performing a curl-up up to the inferior angle of both scapula in the hook-lying position. For each RVC, the EMG signal was collected for 3 seconds whilst maintaining each position. The data for each trial were expressed as percentages of the calculated mean RMS values of the RVC (%RVC), and the mean %RVC of three trials was used for analysis.
Prior to the experiments, the principal investigator explained all of the procedures to the subjects in detail. All subjects signed an informed consent form approved by the Institute Review Board of Yonsei University. Before testing, the subjects were taught how to adopt a neutral lumbopelvic position while sitting and practiced it. Lumbopelvic neutralization was defined as the position of lumbar spine without visible lumbar flexion, extension, rotation or side bending of any of the lumbar vertebrae 21) . The subject assumed a sitting position on a chair with the upper trunk and lumbopelvic region aligned along a straight line. The hip joint was maintained at 90º during the knee extension exercise. The subjects were familiarized with the use of a pressure biofeedback unit (Chattanooga Group, Hixson, TN) for lumbopelvic neutralization. Each subject practiced lumbopelvic neutralization using the pressure biofeedback unit and was taught about the pressure-monitoring mechanism of the pressure biofeedback unit. The training session lasted approximately 15 minutes. The EMG activity and kinematic data (angles of knee extension, lumbar flexion, lumbar rotation, and posterior pelvic tilt) were measured during seated knee extension with and without lumbopelvic neutralization. Data were collected at the endrange movement of seated knee extension for 5 seconds. The test order was selected randomly. A 10-minute rest period was allowed to minimize muscle fatigue and the testing effect between tests.
In experiments without lumbopelvic neutralization, the inelastic bag of the pressure biofeedback unit was inflated to 70 mmHg and placed between the back of the chair and the subject's lower back. The subject was instructed to not monitor the pressure gauge. The subject was asked to perform maximum knee extension in the sitting position while the thigh and knee joints remained in contact with the chair to prevent hip flexion.
The protocol for the experiments with lumbopelvic neutralization were the same as that without lumbopelvic neutralization, except that the subject was asked to maintain a pressure of 70 mmHg using visual feedback from an analog pressure gauge during seated knee extension. The data collected when pressure changes were less than 2 mmHg during seated knee extension were used for the statistical analysis. Because minimal change of the pressure (less than 2 mmHg) was observed during respiration at rest 22) , EMG activity and kinematic data were measured for 5 seconds during seated knee extension with lumbopelvic neutralization.
The sample size needed to ensure protection from type II error was calculated. Among the variables, the one with the largest standard deviation during pilot studies was chosen for the power analysis. A power of 80% and an α level of 0.05 were assumed and the difference of the means between the two conditions (i.e., with versus without lumbopelvic neutralization) needed to be at least 10% of RVC and 5º, which required that at least 15 subjects were tested. All measurement variables are expressed as the mean and standard deviation (SD). The significance of differences between the two conditions was assessed using the paired t-test and the level of statistical significance was chosen as 0.05. Pearson's correlation coefficient was calculated to identify significant relationships between the knee extension angle and the lumbar flexion and rotation angles.
RESULTS
The mean difference was 38.17º for knee extension (95% CI 36.96 to 39.37°, p<0.01), 24.33° for lumbar flexion (95% CI 22.40 to 26.27°, p<0.01), 10.97° for lumbar rotation (95% CI 10.23 to 11.71°, p<0.01), and 10.13° for posterior pelvic tilt (95% CI 8.71 to 11.55°, p<0.01); the decrease was significant when performing seated knee extension with lumbopelvic neutralization (Table 2 ).
I n s e a t e d k n e e e x t e n s i o n w i t h l u m b o p e l v i c neutralization, there were significant reductions in the EMG activities, expressed as the %RVC, of the vastus medialis obliquus by 71 Table 3) .
There were a significant negative Pearson's correlations between the length of the hamstrings and the angle of lumbar flexion and lumbar rotation measured during seated knee extension without lumbopelvic neutralization (r = -0.64, p<0.01 and r = -0.48, p<0.05, respectively).
DISCUSSION
The main finding of this study was that the angles of lumbar flexion, lumbar rotation, and posterior pelvic tilt during seated knee extension were significantly higher without lumbopelvic neutralization than with lumbopelvic neutralization. According to Sahrmann, when the quadriceps contract to extend the knee joint in the sitting position, the lumbar spine flexes and the pelvis tilts posteriorly in subjects with hamstring stiffness and shortness 2) . If an individual has greater flexibility in the lumbopelvic region than in the hamstrings, compensatory motion will occur at the relatively flexible lumbopelvic joint while performing forward bending in the standing position, straight leg raising in the supine position or knee extension in the sitting position. We found significant negative correlations between the length of the hamstrings and the angles of lumbar flexion and rotation during seated knee extension, which supports our hypothesis that hamstring shortness contributes to compensatory lumbopelvic motion when performing knee extension in the sitting position.
Performing knee extension in the presence of hamstring shortness may increase the load on the lumbar spine. In our study, the angles of lumbar flexion, rotation, and posterior pelvic tilt increased significantly during seated knee extension without lumbopelvic neutralization. Repeatedly p e r f o r m i n g k n e e e x t e n s i o n o r a c t i v i t i e s w i t h o u t lumbopelvic neutralization may result in excessive loading of the lumbar spine, eventually leading to cumulative lowback injury. Lumbopelvic neutralization with a pressure biofeedback unit can be used to minimize the compensatory lumbopelvic motion when subjects with hamstring shortness are performing knee extension. Thus, when individuals with hamstring shortness perform seated knee extension to stretch the hamstrings or strengthen the quadriceps, lumbopelvic neutralization should be considered to reduce excessive loading on the lumbar spine and allow the exercise to be performed correctly.
The angle of knee extension during the seated knee extension test was 38° lower in the presence of lumbopelvic neutralization than without lumbopelvic neutralization. The hamstrings are attached to the ischial tuberosity and tilt the pelvis posteriorly when the knee joint is fixed 23) . The decreased angle of posterior pelvic tilt with lumbopelvic neutralization may contribute to increased hamstring stiffness, which may limit the angle of knee extension. Another reason for the reduced angle of knee extension is the influence of passive insufficiency when extending the knee joint at the end-range of seated knee extension in the presence of lumbopelvic neutralization.
Decreasing the angle of posterior pelvic tilt during seated knee extension with lumbopelvic neutralization may be effective for selective stretching and muscle length testing of the hamstrings. Stabilization of the proximal part of the shortened muscle is essential for stretching the shortened muscle and accurately determining the muscle length 24, 25) . Effective stabilization with lumbopelvic neutralization may effectively change the length of the hamstring during seated k n e e e x t e n s i o n . I n t h e a b s e n c e o f l u m b o p e l v i c neutralization, the muscle fibers of the hamstring may not be stretched effectively due to insufficient fixation of the proximal part of the hamstring during seated knee extension. In this study, the muscle activities of the quadriceps, hamstrings, and rectus abdominis during seated knee extension were significantly lower with lumbopelvic neutralization than without lumbopelvic neutralization. Decreased quadriceps muscle activity can be explained by the decrease in the length of the knee extension moment arm, due to the decreased angle of knee extension during seated knee extension with lumbopelvic neutralization. This decreased moment arm may contribute to the reduction in activity of the quadriceps in the presence of lumbopelvic neutralization 26) . Discomfort in the hamstrings may increase t h e d i ff i c u l t y of contracting the hamstrings and quadriceps 27) . A pulling sensation or discomfort may influence muscle activity 28) . In the last phase of seated knee extension, greater discomfort from the pulling sensation of a stretched hamstring with lumbopelvic neutralization than without lumbopelvic neutralization may inhibit additional quadriceps and hamstring muscle activation.
The hamstrings act to tilt the pelvis posteriorly when the knee joint is fixed 23) . Decreased posterior pelvic tilt in the presence of lumbopelvic neutralization may reduce the activity of the hamstrings, which is another reason why hamstring muscle activity is lower in the presence of lumbopelvic neutralization than without lumbopelvic neutralization.
Contraction of the rectus abdominis muscle induces lumbar flexion during hip flexion or knee extension in the sitting position 2, 29) . Reduced lumbar flexion in the presence of lumbopelvic neutralization may decrease the rectus abdominis muscle activity.
Our study confirms the hypothesis that lumbopelvic neutralization using a pressure biofeedback unit has the favorable effects of preventing compensatory lumbar flexion, lumbar rotation, posterior pelvic tilt, and unnecessary activity in muscles, such as the hamstrings and rectus abdominis, during seated knee extension in individuals with hamstring shortness. However, this study had several limitations. First, the results from our young population might not be generalizable to other populations. Second, we could not measure the activities of the erector spinae, external oblique, internal oblique, or transverse abdominis muscles, which are lumbar stabilizers. Thus, future studies should investigate the effects of lumbopelvic neutralization using a pressure biofeedback unit on the deep and superficial back extensor and abdominal muscle activities during seated knee extension in subjects with hamstring shortness. Additionally, the effects of lumbopelvic neutralization using a pressure biofeedback unit during seated knee extension on lengthening the hamstrings and strengthening the quadriceps should be studied in subjects with hamstring shortness.
